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A B S T R A C T   
The impact of adding PbO and WO3 on the mechanical properties and radiation shielding efficiency of 4 different 
glass samples labeled as TWP1, TWP2, TWP3, and TWP4 (samples codes) was studied via the Makishima and 
Mackenzie model (MMD), Rocherulle model (RD), XCOM database, FLUKA code, and Phys-X/PSD software. 
According to MMD, Young’s (Y), bulk (K), shear (G) modulus values increase from 59.13 to 62.80 GPa, from 
37.76 to 43.86 GPa, from 25.48 to 26.55 GPa, and from 71.73 to 79.26 GPa for TWP1 and TWP4 glasses, 
respectively. 277.833, 358.768, 465.048 and 570.786 cm− 1 values are the highest linear attenuation coefficient 
(μ) values for TWP1, TWP2, TWP3 and TWP4 glasses at 0.015 MeV. The results refer that the TWP4 glass sample 
has the highest radiation shielding and mechanical properties. The results indicated that the addition of lead and 
tungsten to the investigated samples improves their elastic and radiation shielding properties. Thus, the TWP4 
sample is the best compared to the other glass samples.   
Introduction 
The continued development in various fabrications and technologies 
requests the utilization of more ionizing radiations. The ionizing radi-
ations have considerable significance due to their substantial applica-
tions in different fields such as accelerator [1], medical treatment [2], 
space [3], factory [4], and agriculture [5]. The staffs working in the 
fields that use radiation sources are every day exposed to various kinds 
of ionizing radiation and besides confrontation large hazards to their life 
[6]. Among nuclear radiations, gamma has high penetration power in 
materials due to their zero mass and charge. Thus, the exposure for a 
long time of gamma may be a reason to damage the cellular and genetic 
structure which causes cancer and death [7,8]. For the protection from 
hurtful radiation exposures, many investigators have fabricated 
different types of shielding materials [9–11]. One of these materials is 
concrete which is used to protect the staff from hurtful exposure to 
radiation. Unfortunately, the concretes have some disadvantages such as 
opacity and immovability. Thus, nowadays the concretes are not 
preferred and have been changed by other useful materials [12,13]. 
Radiological safety is depending on the ability of a material to 
decrease the number of photons and their energy when exposed to ra-
diation. For this objective, perfect shielding glasses for radiations have 
been fabricated by researchers [14–16]. Due to the lightweight, low 
cost, easy preparation, easy movement, transparency, and high me-
chanical power of glass materials, they have been considerably used in 
radiation shielding. Many fabricated materials such as Te, Si, V, Pb, W, 
and Bi glasses have been used as shielding materials [17–19]. Tellurite 
glass is known as the preferred materials for various technology appli-
cations due to their perfect physical properties like high refractive index, 
good chemical resistance, low crystallization ability, and low melting 
point [20]. Because the Pb reinforces the devitrification resistance and 
has a low melting point, it considers as unique in its impact on the glass 
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structure. Furthermore, it plays a double role in glasses; one as a mod-
ifier and other as glass former [21]. Moreover, the addition of both WO3 
and PbO improves the shielding properties of the studied glasses. Al- 
Hadeethi and Sayyed reported that the mass attenuation coefficient 
(μm) reduces with an increase in the energy whereas it increases when 
TeO2 is replaced by PbO [22]. Alalawi et al. studied the Influence of lead 
and zinc oxides on the radiation shielding properties of tellurite glass 
systems. They found that the addition of PbO changed the gamma and 
neutron properties of the PbO-TeO2 glasses [23]. 
Oxide glasses containing TeO2 as the main component have extreme 
optical properties, for example, n = 2.1–2.3. Besides, they have adequate 
light transmittance in the visible and infrared regions, up to about 7 µm. For 
this reason, tellurite glasses are essential for the design of scientific in-
struments and have therefore been the subject of extensive study. Pure 
TeO2 metals, do not harden to Glass. Whenever glass formation has been 
reported in the literature, contamination of the ceramic Crucible has 
generally resulted in the formation of multicomponent Glass [24]. As early 
as 1834, Berzelius [25] recognized that TeO2 could form Glass with various 
metal oxides, especially BaO. From 1952, from the works of Stanworth 
[26,27], systematic studies were conducted by various authors [28]. 
Classical dielectric theory gives a series of relationships between the 
refractive index and the density of solids. It is generally accepted that the 
refractive index n and density ρ of many conventional glasses can be 
changed by changing the composition of the base glass[28], changing 
the sample temperature [29], assigning the sample to pressure, and 
inducing a new history of the transformation range, such as repeated 
annealing [30,31]. The objective of this work is to obtain the attenuation 
efficiency of WO3 and PbO based TeO2 glasses via the NISTXCOM 
database, FLUKA code, and Phy-X/PSD software in the energy from 
0.015 to 15 MeV. We will also study the elastic modulus of the inves-
tigated glasses to use as radiation shielding. 
Materials and methods 
Four glass samples of TeO2–WO3–PbO glasses have been taken from 
reference [32]. The detailed label, chemical compositions, and densities 
have been listed in Table 1. For all related equations along with explicit 
routine interpretations for linear attenuation coefficient, mass attenua-
tion coefficient, Have value layer, Mean free path, effective atomic 
number, energy absorption buildup factors, Electronic cross-section, 
Atomic cross-section, Effective conductivity, and Effective removal 
cross-sections for fast neutrons [μ, μm, HVL, MFP, Zeff, EABF, ECS, ACS, 
Ceff, and ΣR] respectively, are suggested to take a glance at references 
[33–43]. After that, for the descriptions on the employed XCOM [44], 
Phy-X/PSD software [45] and details on the FLUKA (http://www.fluka. 
org) code [46–48]. FLUKA [49,50] is a Monte Carlo simulation package 
for different models of particle transport and interaction with matter. 
FLUKA can model the interaction and propagation of>60 different 
particles in a matter-such as heavy ions, electrons, neutrons, photons, 
neutrinos, and muons-in many research areas: shielding design, detector 
response study, cosmic ray study, medical physics, and dosimetry cal-
culations[51]. The use of this method requires knowledge of the 
chemical or elemental composition and density of the material, as well 
as its input physical characteristics to perform these calculations 
[6,47,52]. 
In the present simulation, we attempted to estimate the mass atten-
uation coefficients of glass samples for photons with energies 
0.015*10+3 to 15*10+3 keV using Fluka Monte Carlo code because of its 
event-by-Event Tracking feature. the BEAMPOS map was used to 
determine the position and direction of a radioactive source, considered 
as a beam of unidirectional monoenergetic photons (0.2 cm) along the Z- 
axis with different energies. Then the angular and energy distribution of 
the source, as well as the type of particle and its energy, were known on 
the beam map. For low-energy photon transport, the energy cutoff is 10- 
6 GeV on the EMFCUT board. The photons were recorded with the Nai 
(Tl) Scintillation detector (7.62 × 7.62 cm). The detector was placed 
inside a collimator lead cylinder having an outer and inner diameter of 
12 and 0.2 cm, respectively, at a length of 15 cm.la Zone NaI was 
implemented as a track length Fluence estimator using the USRTRACK 
dashboard. In geometry, the sample was placed between the source and 
the detector surface. 
The material map describing the selected sample contains the 
mixture name, mass fraction, density, etc. and is used with the desired 
Composite maps to determine the exact composition of the sample. The 
modeling processes are performed between 106 and 206 number of 
primary photons to obtain a statistical error less than 1%. The Fluence of 
the photon in the detector volume was evaluated using a usrbin card. 
The sample was simulated as a 2 cm diameter cylinder with variable 
thicknesses ranging from 0.2 to 0.5 cm. (Fig. 1). The mechanical prop-
erties of the studied glasses have been calculated using Makishima and 
Mackenzie (MMD) and Rocherulle (BD) models [53–55] 
Fig. 1. FLUKA Monte Carlo simulation setup used for mass attenuation coefficients calculations of glasses.  
Table 1 
Chemical composition (mol%) and elements (wt. %) and density for glasses.  
Code TeO2 WO3 PbO O Te W Pb ρ (g/cm3) 
TWP1 90 10 0  0.2011  0.7196  0.0793  –  5.798 
TWP2 75 15 10  0.1886  0.5996  0.1189  0.0928  6.221 
TWP3 50 30 20  0.1767  0.4797  0.2379  0.0928  6.831 
TWP4 40 40 20  0.1773  0.3198  0.3172  0.1857  7.018  
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Results and discussion 
Shielding parameters 
The μ is an advantageous parameter to evaluate the attenuation 
shielding efficiency of glass material against gamma radiations. Among 
investigated glasses, TWP4 glass has the highest μ value which is 
570.786 cm− 1 at 0.015 MeV but with an increase in energy, μ value 
reduces to be 0.313 cm− 1 at 15 MeV. The accountable factors of this 
reduce are PE (photoelectric effect), CS (Compton scattering), and PP 
(pair production) processes at low, medium, and high energy, respec-
tively, which depicts the changes of μ with glass composition and energy 
as specified in Fig. 2 [14,36,45]. Density has an essential role to rein-
force the μ values of glasses. This behavior is due to the replacement of 
the higher molecular weight of WO3 and PbO with the lower molecular 
weight TeO2. 
The μm values of all glasses are drawn in Fig. 3 (a-d). As published in 
the literature, the μm for TWP1, TWP2, TWP3, and TWP4 glasses has the 
same behavior at low and high energy. The μm values are 47.919, 
57.670, 68.079 and 81.332 cm2/g at 0.015 MeV and are 0.039, 0.041, 
0.042 and 0.045 cm2/g at 15 MeV for TWP1, TWP2, TWP3 and TWP4 
glasses, respectively. The increment μm value from sample TWP1 to 
TWP4 elucidates that μm values are dependent on the WO3 and PbO 
contents. In the selected photon energy (0.015–15 MeV), at the begin-
ning (0.015 to 0.05 MeV), μm decreases quickly then decreases slowly 
and at high energy stayed unchanged. This due to the dominations of PE, 
CS, and PP processes. It is observed that the TWP4 sample has great μm 
value as compared to other glass samples that conclude the predominant 
impact of WO3 and PbO concentration. Fig. 3 (a-d) shows μm values 
comparison obtained using NISTXCOM, FLUKA code, and Phy-X/PSD, 
correspondingly. It is worth mentioning that some very small de-
viations in μm values deduced by computational and theoretical methods 
could commonly take place due to slight variations in considered 
mathematical and physical models, geometry, and ambiguities in the 
atomic data, etc. for each method. The Relative differences (RD) be-
tween XCOM and both Phys-X/PSD and FLUKA code for all glasses 
ranged approximately from − 4 to 4% (Fig. 4 (a-b). For example, at 1.5 
MeV, 0.04841, 0.04920 and 0.04831 cm2/g are the μm values achieved 
for TWP4 glass using NISTXCOM [51], Phy-X/PSD, and FLUKA code, 
respectively. 
Electronic cross-section (ECS) and Atomic cross-section (ACS) are 
listed in Table 2 and Table 3. The ECS and ACS values changed with the 
energy and both WO3 and PbO contents in the glasses. With increasing, 
gamma energy, TWP1, TWP2, TWP3, and TWP4 samples’ ECS and ACS 
exhibit the same trend in variations. As the ρ of glasses increase from 
5.798 to 7.018 g/cm3, ECS and ACS values appropriately improved, for 
example, via Phy-X/PSD software, at 0.03 MeV, the calculated respec-
tive ECS and ACS for TWP1, TWP2, TWP3, and TWP4 samples are 4.77 
× 10-25, 5.13 × 10-25, 5.43 × 10-25, and 5.84 × 10-25 cm2/g and 1.50 ×
10-23, 1.86 × 10-23, 2.15 × 10-23 and 2.56 × 10-23 cm2/g, respectively. 
With increasing gamma energy results detect that photons can largely go 
through the glass, requiring appropriate thickness to further decrease 
them. As mentioned for μ and μm values for all glasses, the ECS and ACS 
values depending on photon energy and PE, CS, and PP processes 
dominate at low, medium, and high energy, respectively. TWP4 glass 
comparatively has higher ECS and ACS in all studded samples within the 
selected photon energy range, suggesting it as a prime γ-ray absorber. 
MFP is the most considerable factor that immediately explains the 
capacity of any barrier to decrease the gamma radiations. Therefore, the 
glass with lower MFP has good shielding competence. The obtained 
values indicate that the MFP of glasses increases with photon energy 
(Fig. 5) which signifies that at higher energy, large numbers of photons 
can penetrate through the glasses. Also obvious from Fig. 5 that the 
value of MFP reduces significantly with increasing the WO3 and PbO 
Fig. 2. Variation of linear attenuation coefficient (LAC) with photon energy for all glasses.  
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contents. The density of the glasses also influences the MFP; highest 
density, lowest MFP. HVL is capable to provide persuasive information 
in connection with the shielding ability of samples as it appropriates the 
desired thickness to decrease the number of photons to half of its orig-
inal. Fig. 6 represents the HVL for the TWP1, TWP2, TWP3, and TWP4 
glasses. It is obvious from Fig. 6 that on raising the contents of W and Pb, 
the HVL declines. Sample TWP4 that has the highest concentration (W 
and Pb) and density, indicates that it is the best absorption among all the 
studied samples. Fig. 7 represents the HVL values of TWP4 sample 
comparison with RS253G18, RS360, and RS520 (SCHOTT) commer-
cially existing nuclear radiation shielding glasses [56]. Also, Fig. 8 
represents the HVL values of TWP4 sample comparison with OC (Ordi-
nary), BM (Basalt–magnetite), HS (Hematite–serpentine), and SSC 
(Steel-scrap) concrete [57]. At compared three 0.2, 0.662, and 1.25 
MeV, the TWP4 sample has the lowest HVL value than those of com-
mercial RS253G18, RS360, and RS520 glasses (Fig. 7). Furthermore, 
within 0.015–15 MeV photon energy range, in comparison to all types of 
concretes HVL, TWP4 has the lowest values (Fig. 8). These results refer 
that as TWP4 contains higher MAC than the compared materials, it has a 
better gamma shielding efficiency over commercial glasses and 
concretes. 
Another essential factor also an assistant to discover the attenuation 
capability of glass is the effective atomic number (Zeff). Addition the 
heavy metals oxides to glass materials are important to increment the 
Zeff. As mentioned in many investigations, the glass material with high 
Zeff has excellent radiation protection prospects [58]. For TWP1, TWP2, 
TWP3, and TWP4 glasses, Zeff values within 0.015–15 MeV photon en-
ergy range are presented in Fig. 9. Zeff values for all glasses, larger values 
in the lowest energy region where PE predominates, while minimal 
quantities transpire at medium energy range due to CS command and 
minor increments take place at higher energies because of PP phenom-
enon influence. As shown in Fig. 9 the TWP1 glass (90TeO2-10WO3) has 
the lowest Zeff values while the TWP4 glass (40TeO2-40WO3-20PbO) has 
the highest Zeff values within selected photon energy. The correlation 
between Zeff and effective electron density (Neff) and Effective conduc-
tivity (Ceff) are shown and listed in Fig. 10 and Table 4, respectively. The 
photons penetrating the glass collision the electrons and convert them 
into free electrons. The changes in the number of free electrons lead to a 
change in the electrical conductivity of the material. The glass that 
electrical conductivity changes according to the density of photon and 
energy could change the shielding features. Thus, it is very substantial to 
know the Ceff factor, which displays how a glass preserves its features 
according to nuclear applications. As observed in Fig. 10 and Table 4, 
Neff and Ceff behaviors are identical to Zeff behavior. 
Fig. 3. (a-d) Comparison of XCOM, Phys-X/PSD and FLUKA codes computed mass attenuation coefficients (MAC) versus photon energy for all glasses.  
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Fig. 4. (a-b) Relative differences (RD) between XCOM and (a) Phys-X/PSD (b) FLUKA code for all glasses.  
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Fig. 11 (a-d) and Fig. 12 (a-d) describe the changing of EBF and EABF 
against photon energy up to 40 mfp for TWP1, TWP2, TWP3, and TWP4 
glasses. Corresponding to this, within the gamma energy range of 
0.015–15 MeV, for all selected glasses, Table 5 (a-d) presents the esti-
mated Zeq and associated G-P fitting parameters for EBF and EABF as-
sessments. The trend of the buildup factors with energy is similar for all 
glasses. EABF and EBF were low at energies less than 100 keV and in-
crease steadily with increasing energy up to 1 MeV before and then 
descending as the energy rises. The lower EABF and EBF at low and high 
energies are due to PE and PP processes. However, in the region around 
1 MeV, the CS dominates the photon interaction processes. However, at 
larger penetration depths (>10 mfp) and greater energies (>6 MeV), 
EBF and EABF values increased noticeably due to the occurrence of 
persistent secondary photons scatterings. These allow for increased 
photons buildup in glasses. Besides, for TWP1, TWP2, TWP3, and TWP4 
glasses, EBF and EABF values increased gradually with the increasing 
penetration depth from 0.5 to 40 mfp as scattering volume improves. 
Here, EBF and EABF present a behavior against the incident gamma 
energy and penetration depth for each glass. For all studied glasses, the 
calculated EBF and EABF values decrease with the replacement of WO3 
and PbO by TeO2 content, and accordingly, the lowest values are ach-
ieved for the TWP4 sample as it contains higher Zeq and Zeff values, 
suggesting it as a great shield for gamma. 
It is widely known that neutrons exhibit greater radiobiological 
outcomes compared to photons, necessitating adequate attenuator of 
them for radiation workers’ safety. Fundamentally, by scattering and 
absorption processes, neutron shielding is realized. For TWP1, TWP2, 
TWP3, and TWP4 glasses, in Fig. 13 we provided the ΣR estimation 
procedures and the related ΣR values. Here, the derived ΣR for TWP1, 
TWP2, TWP3 and TWP4 samples are 0.108, 0.112, 0.117, and 0.119 
cm− 1, respectively. It means that the ΣR values increase with increasing 
WO3 and PbO concentration, which indicates that the heavy elements W 
and Pb also supports ΣR. Table 6 observes that the TWP4 sample has the 
bigger ΣR value compared to corresponding Graphite, Water [59], OC, 
HSC, Ilmenite-limonite concrete, Basalt-magnetite concrete, Ilmenite 
concrete, [57], VPZn8 glass [60], C20 glass [61], TBBT30 glass [62], S2 
ceramic [63], 95TeLi glass [64] and Polyamide polymer [65]. 
For TWP1, TWP2, TWP3, and TWP4 samples, Fig. 14, Fig. 15, and 
Fig. 16 explain the evaluated Ψproton, ΨAlpha, and ΨElectron variations 
within the kinetic energy (KE) range of 0.015–15 MeV, respectively. 
From Fig. 14 and Fig. 15, with KE, both Ψproton, ΨAlpha values have the 
same behaviors. With increasing KE from 15 KeV, both Ψproton, ΨAlpha 
rise sharply, reaching the maximum values at 0.09 MeV and 0.7 MeV, 
respectively. With further KE enhancement, Ψproton, ΨAlpha values both 
decreased progressively. Furthermore, the TWP4 sample has the lowest 
values among all the studied samples. Fig. 16 shows, within 0.015–15 
MeV, the calculated ΨElectron values change while the inset plot exhibits 
enlarged 0.015–0.05 and 10–15 MeV. For all glasses, the ΨElectron values 
are the lowest up to 1 MeV. In general, the electrons can be excellently 
stood by TWP4 sample (up to 1 MeV) compared to the other glasses 
Mechanical properties 
The rigidity of a glass shield could be described in terms of the me-
chanical properties. Based on the dissociation energy per unit volume 
(Gt), packing density (Vt and Ct), and chemical composition, Makishima 
and Mackenzie (MMD), and Rocherulle (BD) were suggested the theo-
retical models calculate the elastic moduli as following [53–55]. For all 
related equations along with explicit routine interpretations for elastic 
modulus are suggested to take a glance at references [66,67]. Where, Y, 
K, G, L, and σ are the Young’s, bulk, shear, longitudinal moduli, and 
Poisson’s ratio. The Y, K, G, L, and σ values according to MMD and RD 
are listed in Table 7 and Table 8, respectively. σ is an important 
parameter to explain the rigidity of glasses, where it depends on glass 
composition. Moreover, σ determines the dimension and crosslink 
density of the glasses. σ has values ranged from 0.1 to 0.2 and from 0.3 to 
0.5 for high cross density and low crosslink density, respectively [68]. 
The values of σ are ranged from 0.24 to 0.26 for investigated glass 
samples (Table 7). This indicates that these glasses approach towards the 
high cross-link density network and high rigidity. The effect of WO3 and 
PbO on the rigidity of glasses is observed also from the increasing value 
of elastic constants (Y, K, G, L) according to both MMD and RD. The 
values of elastic moduli are increasing with increasing WO3 and PbO, 
Table 2 
Electronic cross section (ECS) (cm2/g) for glass samples.  
E (MeV) TWP1 TWP2 TWP3 TWP4 
1.50E− 02 8.00E− 23 9.24E− 23 1.09E− 22 1.23E− 22 
2.00E− 02 3.71E− 23 4.66E− 23 5.46E− 23 6.56E− 23 
3.00E− 02 1.27E− 23 1.61E− 23 1.89E− 23 2.28E− 23 
4.00E− 02 2.70E− 23 2.62E− 23 2.48E− 23 2.16E− 23 
5.00E− 02 1.52E− 23 1.47E− 23 1.39E− 23 1.22E− 23 
6.00E− 02 9.46E− 24 9.19E− 24 8.71E− 24 7.66E− 24 
8.00E− 02 5.13E− 24 5.36E− 24 6.18E− 24 6.42E− 24 
1.00E− 01 2.99E− 24 3.57E− 24 4.07E− 24 4.72E− 24 
1.50E− 01 1.26E− 24 1.47E− 24 1.64E− 24 1.88E− 24 
2.00E− 01 7.74E− 25 8.75E− 25 9.58E− 25 1.07E− 24 
3.00E− 01 4.77E− 25 5.13E− 25 5.43E− 25 5.84E− 25 
4.00E− 01 3.76E− 25 3.94E− 25 4.08E− 25 4.29E− 25 
5.00E− 01 3.24E− 25 3.34E− 25 3.43E− 25 3.55E− 25 
6.00E− 01 2.90E− 25 2.97E− 25 3.03E− 25 3.11E− 25 
8.00E− 01 2.47E− 25 2.51E− 25 2.54E− 25 2.58E− 25 
1.00E+00 2.19E− 25 2.21E− 25 2.23E− 25 2.26E− 25 
1.50E+00 1.77E− 25 1.78E− 25 1.79E− 25 1.80E− 25 
2.00E+00 1.54E− 25 1.55E− 25 1.56E− 25 1.57E− 25 
3.00E+00 1.29E− 25 1.30E− 25 1.31E− 25 1.32E− 25 
4.00E+00 1.16E− 25 1.18E− 25 1.19E− 25 1.20E− 25 
5.00E+00 1.09E− 25 1.11E− 25 1.12E− 25 1.13E− 25 
6.00E+00 1.05E− 25 1.06E− 25 1.08E− 25 1.09E− 25 
8.00E+00 1.00E− 25 1.02E− 25 1.04E− 25 1.05E− 25 
1.00E+01 9.89E− 26 1.01E− 25 1.03E− 25 1.04E− 25 
1.50E+01 9.98E− 26 1.02E− 25 1.05E− 25 1.06E− 25  
Table 3 
Atomic cross section (ACS) (cm2/g) for glass samples.  
E (MeV) TWP1 TWP2 TWP3 TWP4 
1.50E− 02 4.27E− 21 5.45E− 21 6.83E− 21 8.33E− 21 
2.00E− 02 1.98E− 21 2.84E− 21 3.52E− 21 4.56E− 21 
3.00E− 02 6.72E− 22 9.74E− 22 1.21E− 21 1.58E− 21 
4.00E− 02 1.40E− 21 1.42E− 21 1.39E− 21 1.30E− 21 
5.00E− 02 7.80E− 22 7.90E− 22 7.72E− 22 7.25E− 22 
6.00E− 02 4.81E− 22 4.88E− 22 4.78E− 22 4.50E− 22 
8.00E− 02 2.67E− 22 2.96E− 22 3.69E− 22 4.09E− 22 
1.00E− 01 1.50E− 22 2.03E− 22 2.47E− 22 3.11E− 22 
1.50E− 01 5.52E− 23 7.46E− 23 9.02E− 23 1.13E− 22 
2.00E− 01 2.97E− 23 3.92E− 23 4.67E− 23 5.80E− 23 
3.00E− 01 1.50E− 23 1.86E− 23 2.15E− 23 2.56E− 23 
4.00E− 01 1.05E− 23 1.25E− 23 1.41E− 23 1.62E− 23 
5.00E− 01 8.52E− 24 9.80E− 24 1.08E− 23 1.22E− 23 
6.00E− 01 7.36E− 24 8.30E− 24 9.07E− 24 1.00E− 23 
8.00E− 01 6.03E− 24 6.65E− 24 7.16E− 24 7.74E− 24 
1.00E+00 5.24E− 24 5.71E− 24 6.10E− 24 6.51E− 24 
1.50E+00 4.18E− 24 4.50E− 24 4.78E− 24 5.04E− 24 
2.00E+00 3.68E− 24 3.97E− 24 4.21E− 24 4.44E− 24 
3.00E+00 3.24E− 24 3.51E− 24 3.74E− 24 3.96E− 24 
4.00E+00 3.08E− 24 3.35E− 24 3.59E− 24 3.82E− 24 
5.00E+00 3.03E− 24 3.31E− 24 3.55E− 24 3.79E− 24 
6.00E+00 3.02E− 24 3.31E− 24 3.57E− 24 3.82E− 24 
8.00E+00 3.08E− 24 3.40E− 24 3.68E− 24 3.96E− 24 
1.00E+01 3.18E− 24 3.53E− 24 3.83E− 24 4.13E− 24 
1.50E+01 3.46E− 24 3.86E− 24 4.21E− 24 4.57E− 24  
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Fig. 5. Variations of mean free path (MFP) with photon energy for all glasses.  
Fig. 6. Variations of half-value layer (HVL) with photon energy for all glasses.  
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Fig. 7. Comparison of HVL of the TWP4 glass with some commercial glasses.  
Fig. 8. Comparison of HVL of the TWP4 glass with some standard shielding concretes.  
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Fig. 9. Variation of effective atomic number (Zeff) with photon energy for all glasses.  
Fig. 10. Variation of effective atomic number (Zeff) with effective electron density (Neff) for TWP4 glass.  
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which indicates good mechanical strength of glass samples (Tables 7 and 
8). 
Conclusion 
The influences of WO3 and PbO on gamma shielding and mechanical 
properties of TeO2-WO3-PbO glasses are computed via different radia-
tion attenuations factors via the XCOM database, FLUKA code, and Phy- 
X/PSD software. Moreover, the elastic parameters have been evaluated 
via both MMD and RD.  
• It has been established that μm of glasses increases with the addition 
of WO3 and PbO contents.  
• The comparison of the MFP (ranged from 0.001752 to 3.193964) 
value of the TWP4 sample with other glasses shows that TWP4 ex-
hibits better shielding ability.  
• It was found that the TWP4 glass sample has a lower value of HVL 
(ranged from 0.18713 to 1.84819) than some commercial glasses and 
some concretes.  
• Zeff, Neff, and Ceff values of the TWP4 sample have the largest value as 
compared to other investigated glasses.  
• The EBF, EABF, Ψproton, ΨAlpha, and ΨElectron value of the TWP4 
sample has the lowest value as compared to other investigated 
glasses.  
• σ value ranged from 0.24 to 0.26 that signifies the improvement in 
the cross-link density of glasses. 
Fig. 11. (a-d) Variations of exposure buildup factor (EBF) with photon energy at different mean free paths for all glasses.  
Table 4 
Effective conductivity (Ceff) (S/m) for glass samples.  
E (MeV) TWP1 TWP2 TWP3 TWP4 
1.50E− 02 2.51E+09 2.80E+09 3.09E+09 3.35E+09 
2.00E− 02 2.51E+09 2.89E+09 3.16E+09 3.44E+09 
3.00E− 02 2.48E+09 2.87E+09 3.15E+09 3.42E+09 
4.00E− 02 2.44E+09 2.57E+09 2.75E+09 2.98E+09 
5.00E− 02 2.42E+09 2.55E+09 2.73E+09 2.95E+09 
6.00E− 02 2.39E+09 2.52E+09 2.70E+09 2.91E+09 
8.00E− 02 2.44E+09 2.63E+09 2.93E+09 3.15E+09 
1.00E− 01 2.35E+09 2.70E+09 2.98E+09 3.26E+09 
1.50E− 01 2.07E+09 2.42E+09 2.70E+09 2.99E+09 
2.00E− 01 1.80E+09 2.13E+09 2.40E+09 2.67E+09 
3.00E− 01 1.47E+09 1.72E+09 1.94E+09 2.17E+09 
4.00E− 01 1.32E+09 1.51E+09 1.69E+09 1.87E+09 
5.00E− 01 1.24E+09 1.39E+09 1.55E+09 1.70E+09 
6.00E− 01 1.19E+09 1.33E+09 1.47E+09 1.59E+09 
8.00E− 01 1.15E+09 1.26E+09 1.39E+09 1.48E+09 
1.00E+00 1.13E+09 1.23E+09 1.34E+09 1.43E+09 
1.50E+00 1.11E+09 1.20E+09 1.31E+09 1.38E+09 
2.00E+00 1.13E+09 1.22E+09 1.33E+09 1.40E+09 
3.00E+00 1.18E+09 1.28E+09 1.40E+09 1.48E+09 
4.00E+00 1.24E+09 1.35E+09 1.48E+09 1.58E+09 
5.00E+00 1.30E+09 1.42E+09 1.56E+09 1.66E+09 
6.00E+00 1.35E+09 1.48E+09 1.63E+09 1.74E+09 
8.00E+00 1.44E+09 1.58E+09 1.74E+09 1.86E+09 
1.00E+01 1.51E+09 1.66E+09 1.82E+09 1.96E+09 
1.50E+01 1.63E+09 1.79E+09 1.97E+09 2.13E+09  
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Fig. 12. (a-d) Variations of energy absorption buildup factor (EABF) with photon energy at different mean free paths for all glasses.  
Table 5a 
(EBF and EABF) G–P fitting coefficients (b, c, a, Xk and d) of TWP1 glass sample.  
E (MeV) Zeq EBF EABF 
b c a d Xk b c a d Xk  
0.015  25.87 − 0.5428  1.0041  1.5423  0.3481  5.6278 − 0.5426  1.0041  1.5421  0.3477  5.6800  
0.020  26.01 0.6204  1.0120  0.1299  − 0.6174  11.3884 0.3193  1.0100  0.2579  − 0.2956  18.2051  
0.030  26.30 0.1916  1.0272  0.3724  − 0.2888  27.4998 0.2515  1.0259  0.3235  − 0.1898  18.0713  
0.040  45.25 0.0919  3.7839  0.7068  − 0.0719  24.6326 0.0989  1.5622  0.7228  − 0.0368  18.9827  
0.050  45.64 − 0.0328  3.2890  0.2537  − 0.0837  14.2642 0.0526  1.5049  0.2615  − 0.0493  12.2896  
0.060  45.90 0.5265  2.6817  0.1212  − 0.1009  11.1378 0.3519  1.4499  0.1423  − 0.0662  18.1011  
0.080  49.28 0.8074  1.7958  0.0183  − 0.1612  15.3631 0.7198  1.3853  0.0379  − 0.2272  14.2234  
0.100  49.62 0.6707  1.3856  0.0666  − 0.3148  13.7883 0.6446  1.3308  0.0770  − 0.3507  13.4265  
0.150  50.10 0.2803  1.2186  0.3246  − 0.1562  13.9467 0.4299  1.4379  0.1799  − 0.2362  13.8582  
0.200  50.38 0.1724  1.2571  0.4971  − 0.0925  14.5959 0.3299  1.6179  0.2789  − 0.1929  13.9154  
0.300  50.71 0.1087  1.3946  0.6398  − 0.0514  14.1880 0.2121  1.9054  0.4445  − 0.1206  13.7899  
0.400  50.89 0.0680  1.5155  0.7779  − 0.0435  14.1373 0.1583  2.2358  0.5762  − 0.1114  13.8687  
0.500  51.02 0.0456  1.5913  0.8606  − 0.0362  14.0661 0.1119  2.3237  0.6923  − 0.0870  13.8715  
0.600  51.09 0.0268  1.6267  0.9234  − 0.0258  13.9853 0.0868  2.3612  0.7605  − 0.0732  13.7267  
0.800  51.17 0.0106  1.6662  0.9875  − 0.0192  14.0141 0.0571  2.3238  0.8511  − 0.0565  13.6265  
1.000  51.21 0.0034  1.6699  1.0190  − 0.0173  13.3954 0.0418  2.2433  0.9007  − 0.0481  13.5055  
1.500  50.47 − 0.0201  1.5677  1.1184  − 0.0049  14.2529 0.0064  1.9234  1.0270  − 0.0258  13.6514  
2.000  48.46 − 0.0169  1.5641  1.1114  − 0.0081  13.0139 0.0160  1.8492  1.0029  − 0.0360  13.1110  
3.000  45.59 0.0019  1.5410  1.0617  − 0.0306  12.9106 0.0401  1.7167  0.9409  − 0.0635  13.2382  
4.000  44.35 0.0160  1.4941  1.0268  − 0.0435  13.3819 0.0568  1.5953  0.9013  − 0.0784  13.5575  
5.000  43.69 0.0460  1.5124  0.9454  − 0.0708  13.6126 0.0858  1.5673  0.8312  − 0.1048  13.8049  
6.000  43.29 0.0573  1.4939  0.9231  − 0.0804  13.8374 0.0981  1.5138  0.8084  − 0.1156  14.0174  
8.000  42.77 0.0796  1.5304  0.8816  − 0.0985  14.1510 0.1111  1.4797  0.7939  − 0.1251  14.2952  
10.000  42.48 0.0583  1.5021  0.9695  − 0.0779  14.2080 0.0869  1.4133  0.8804  − 0.1015  14.3461  
15.000  42.33 0.0346  1.5738  1.1220  − 0.0598  14.1489 0.0628  1.4063  1.0209  − 0.0850  14.2715  
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Finally, the results after evaluating the MAC, LAC, MFP, HVL, Zeff, 
Neff, ECS, ACS, EBF, EABF, ΣR, Ψproton, ΨAlpha, and ΨElectron values 
observed that glass sample TWP4 has a better shielding ability and it 
may be used in some nuclear radiation shielding applications in future. 
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Table 5b 
(EBF and EABF) G–P fitting coefficients (b, c, a, Xk and d) of TWP2 glass sample.  
E (MeV) Zeq EBF EABF 
b c a d Xk b c a d Xk  
0.015  27.84 − 0.4016  1.0021  1.8627  0.2896  9.0673 − 0.4016  1.0021  1.8627  0.2896  9.0673  
0.020  29.05 0.7603  1.0167  0.1126  − 1.0561  10.7925 0.4399  1.0071  0.2390  − 0.5074  12.6375  
0.030  29.47 0.2008  1.1334  0.3907  − 0.0582  12.8713 0.2409  1.0385  0.4016  − 0.1746  11.9846  
0.040  44.74 0.0913  3.8082  0.6474  − 0.0658  24.4378 0.1001  1.5509  0.6606  − 0.0381  19.6366  
0.050  45.09 − 0.0741  3.2628  0.2223  − 0.0634  13.9291 0.0226  1.4872  0.2310  − 0.0244  11.7093  
0.060  45.34 0.6063  2.6438  0.1050  − 0.1074  12.0217 0.4139  1.4328  0.1258  − 0.0835  17.6592  
0.080  50.26 0.7734  1.8176  0.0248  − 0.1438  15.4874 0.7013  1.4014  0.0412  − 0.2154  14.2348  
0.100  54.53 0.6701  1.4450  0.0447  − 0.2190  14.2335 0.6464  1.4138  0.0518  − 0.2312  13.9858  
0.150  55.30 0.3420  1.1998  0.2569  − 0.1944  13.7887 0.5210  1.4311  0.1257  − 0.2763  13.7755  
0.200  55.73 0.1909  1.2055  0.4586  − 0.1022  14.2721 0.3823  1.5362  0.2242  − 0.2204  13.8537  
0.300  56.27 0.1286  1.3175  0.5866  − 0.0611  13.8782 0.2645  1.8196  0.3595  − 0.1512  13.5674  
0.400  56.59 0.0858  1.4224  0.7172  − 0.0501  14.1211 0.1964  2.0900  0.4927  − 0.1314  13.8606  
0.500  56.80 0.0595  1.4912  0.8048  − 0.0398  14.0989 0.1381  2.1090  0.6194  − 0.0986  13.8797  
0.600  56.94 0.0409  1.5349  0.8656  − 0.0304  13.8117 0.1108  2.1867  0.6877  − 0.0841  13.7102  
0.800  57.09 0.0232  1.5869  0.9331  − 0.0235  13.6604 0.0763  2.2089  0.7850  − 0.0651  13.6099  
1.000  57.16 0.0142  1.6002  0.9729  − 0.0222  13.2469 0.0595  2.1704  0.8393  − 0.0571  13.5295  
1.500  56.34 − 0.0101  1.5408  1.0764  − 0.0102  13.6986 0.0350  1.9990  0.9329  − 0.0475  13.5507  
2.000  54.21 − 0.0049  1.5542  1.0686  − 0.0172  13.0877 0.0406  1.9340  0.9271  − 0.0559  13.2433  
3.000  50.61 0.0054  1.5249  1.0534  − 0.0342  13.0272 0.0512  1.7313  0.9127  − 0.0745  13.2905  
4.000  48.84 0.0160  1.4747  1.0334  − 0.0446  13.4206 0.0618  1.5870  0.8930  − 0.0845  13.6238  
5.000  47.86 0.0460  1.4973  0.9532  − 0.0722  13.6649 0.0900  1.5610  0.8270  − 0.1104  13.8624  
6.000  47.30 0.0584  1.4847  0.9292  − 0.0827  13.8881 0.1042  1.5133  0.8008  − 0.1230  14.0681  
8.000  46.60 0.0776  1.5274  0.8989  − 0.0984  14.1560 0.1116  1.4782  0.8027  − 0.1275  14.3198  
10.000  46.24 0.0529  1.5031  1.0025  − 0.0743  14.1935 0.0859  1.4158  0.8978  − 0.1030  14.3169  
15.000  45.94 0.0304  1.5828  1.1638  − 0.0582  14.0315 0.0609  1.4096  1.0509  − 0.0867  14.1823  
Table 5c 
(EBF and EABF) G–P fitting coefficients (b, c, a, Xk and d) of TWP3 glass sample.  
E (MeV) Zeq EBF EABF 
b c a d Xk b c a d Xk  
0.015  29.78 − 0.2717  1.0016  1.9235  0.2260  11.2556 − 0.2734  1.0016  1.9246  0.2278  11.3806  
0.020  30.99 0.6311  1.2865  0.4482  − 0.8731  11.2321 0.3663  1.0456  0.5556  − 0.4199  13.6021  
0.030  31.40 0.1844  1.5829  0.5164  − 0.0868  16.3235 0.2167  1.1237  0.5267  − 0.1646  14.8558  
0.040  43.76 0.0901  3.8548  0.5332  − 0.0540  24.0631 0.1025  1.5292  0.5411  − 0.0404  20.8939  
0.050  44.09 − 0.1509  3.2142  0.1641  − 0.0257  13.3069 − 0.0332  1.4542  0.1744  0.0218  10.6321  
0.060  44.33 0.7522  2.5746  0.0753  − 0.1193  13.6363 0.5270  1.4018  0.0956  − 0.1151  16.8519  
0.080  53.65 0.3085  1.9370  0.1218  − 0.0350  15.9498 0.3090  1.5053  0.1297  − 0.0701  14.1701  
0.100  57.72 0.5885  1.4860  0.0609  − 0.1417  14.9886 0.5698  1.4736  0.0641  − 0.1419  14.7229  
0.150  58.52 0.3864  1.1949  0.2163  − 0.2184  13.7604 0.5783  1.4376  0.0979  − 0.2940  13.8113  
0.200  58.97 0.2050  1.1837  0.4321  − 0.1095  14.1941 0.4210  1.5083  0.1920  − 0.2384  13.8165  
0.300  59.53 0.1355  1.2799  0.5665  − 0.0637  13.8287 0.2879  1.7520  0.3257  − 0.1639  13.4800  
0.400  59.86 0.0921  1.3758  0.6944  − 0.0517  14.1665 0.2163  1.9950  0.4549  − 0.1425  13.8262  
0.500  60.08 0.0673  1.4453  0.7762  − 0.0421  14.1227 0.1608  2.0656  0.5688  − 0.1115  13.8664  
0.600  60.21 0.0491  1.4904  0.8342  − 0.0330  13.7816 0.1233  2.0860  0.6524  − 0.0893  13.6863  
0.800  60.38 0.0305  1.5472  0.9031  − 0.0256  13.6749 0.0879  2.1368  0.7487  − 0.0703  13.6050  
1.000  60.44 0.0186  1.5640  0.9512  − 0.0222  13.3818 0.0696  2.1193  0.8060  − 0.0620  13.5199  
1.500  59.71 − 0.0042  1.5208  1.0524  − 0.0135  13.7883 0.0412  1.9653  0.9102  − 0.0508  13.5961  
2.000  57.65 0.0019  1.5474  1.0438  − 0.0222  13.0869 0.0546  1.9769  0.8839  − 0.0671  13.3249  
3.000  54.06 0.0129  1.5349  1.0288  − 0.0400  13.2281 0.0738  1.8302  0.8520  − 0.0945  13.4009  
4.000  52.12 0.0226  1.4868  1.0144  − 0.0500  13.5281 0.0782  1.6515  0.8521  − 0.0994  13.7065  
5.000  51.02 0.0497  1.5087  0.9463  − 0.0754  13.7317 0.1002  1.6039  0.8057  − 0.1203  13.9240  
6.000  50.38 0.0600  1.4888  0.9302  − 0.0846  13.9355 0.1101  1.5308  0.7911  − 0.1294  14.1098  
8.000  49.59 0.0762  1.5253  0.9114  − 0.0983  14.1595 0.1120  1.4771  0.8092  − 0.1292  14.3377  
10.000  49.16 0.0491  1.5038  1.0264  − 0.0717  14.1829 0.0852  1.4175  0.9105  − 0.1040  14.2958  
15.000  48.78 0.0273  1.5893  1.1944  − 0.0571  13.9453 0.0596  1.4120  1.0730  − 0.0879  14.1168  
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Table 5d 
(EBF and EABF) G–P fitting coefficients (b, c, a, Xk and d) of TWP4 glass sample.  
E (MeV) Zeq EBF EABF 
b c a d Xk b c a d Xk  
0.015  31.87 − 0.1743  1.0030  1.6169  0.1601  11.5241 − 0.1802  1.0030  1.6207  0.1667  11.9670  
0.020  33.89 0.4521  1.6601  0.9128  − 0.6198  11.8406 0.2644  1.0990  0.9939  − 0.2987  14.9375  
0.030  34.27 0.1617  2.2017  0.6894  − 0.1261  21.0769 0.1835  1.2410  0.6990  − 0.1510  18.8091  
0.040  42.39 0.0885  3.9215  0.3698  − 0.0370  23.5267 0.1060  1.4981  0.3700  − 0.0438  22.6942  
0.050  42.69 − 0.2610  3.1444  0.0805  0.0283  12.4137 − 0.1133  1.4070  0.0932  0.0881  9.0855  
0.060  42.94 0.9595  2.4762  0.0332  − 0.1362  15.9310 0.6877  1.3576  0.0527  − 0.1599  15.7045  
0.080  55.23 0.1009  1.9903  0.1651  0.0136  16.1563 0.1338  1.5517  0.1692  − 0.0053  14.1413  
0.100  62.31 0.1474  1.5830  0.1943  0.0083  18.2043 0.1426  1.5991  0.1922  0.0044  17.4169  
0.150  63.21 0.4610  1.1976  0.1583  − 0.2544  13.8203 0.6641  1.4629  0.0653  − 0.3099  13.9910  
0.200  63.69 0.2276  1.1605  0.3915  − 0.1211  14.1808 0.4822  1.4864  0.1468  − 0.2654  13.7633  
0.300  64.30 0.1438  1.2310  0.5422  − 0.0664  13.8039 0.3186  1.6539  0.2843  − 0.1800  13.3778  
0.400  64.64 0.1006  1.3150  0.6643  − 0.0542  14.2238 0.2437  1.8653  0.4052  − 0.1578  13.7752  
0.500  64.87 0.0780  1.3846  0.7373  − 0.0455  14.1481 0.1915  2.0008  0.5024  − 0.1289  13.8398  
0.600  65.02 0.0604  1.4307  0.7915  − 0.0368  13.7435 0.1402  1.9476  0.6056  − 0.0962  13.6513  
0.800  65.19 0.0404  1.4927  0.8624  − 0.0286  13.6925 0.1036  2.0329  0.7003  − 0.0769  13.5975  
1.000  65.25 0.0255  1.5148  0.9188  − 0.0230  13.4959 0.0833  2.0409  0.7613  − 0.0681  13.5127  
1.500  64.61 0.0036  1.4902  1.0200  − 0.0178  14.0288 0.0468  1.8953  0.8878  − 0.0524  13.6910  
2.000  62.68 0.0012  1.5063  1.0424  − 0.0198  13.1374 0.0589  1.9026  0.8688  − 0.0689  13.3610  
3.000  58.89 0.0187  1.5275  1.0104  − 0.0444  13.3533 0.0923  1.8747  0.8024  − 0.1108  13.5013  
4.000  56.71 0.0362  1.5210  0.9725  − 0.0603  13.7280 0.1091  1.7869  0.7728  − 0.1268  13.8419  
5.000  55.40 0.0648  1.5847  0.9030  − 0.0857  13.9013 0.1335  1.7905  0.7272  − 0.1495  14.0622  
6.000  54.62 0.0705  1.5944  0.8999  − 0.0894  14.1022 0.1330  1.7222  0.7380  − 0.1477  14.2147  
8.000  53.67 0.0744  1.6992  0.9217  − 0.0941  14.1708 0.1212  1.7090  0.7922  − 0.1378  14.3075  
10.000  53.15 0.0419  1.6973  1.0629  − 0.0650  14.1240 0.0859  1.6369  0.9215  − 0.1071  14.1826  
15.000  52.67 0.0189  1.8252  1.2502  − 0.0499  13.8188 0.0554  1.6406  1.1094  − 0.0870  13.9631  
Fig. 13. Effective removal cross-sections for fast neutrons (ΣR), for all glasses.  
Table 6 
Comparison of ΣR of glass TWP4 with reported different nuclear radiation shielding substances.  
Sample ΣR Reference 
TWP4  0.1185 This work 
Graphite  0.0771 [42] 
Water  0.1024 
Ordinary concrete  0.0937 [40] 
Hematite-serpentine concrete  0.0967 
Ilmenite-limonite concrete  0.0950 
Basalt-magnetite concrete  0.1102 
Ilmenite concrete  0.1121 
VPZn8 glass  0.092274 [43] 
C20 glass  0.106586 [44] 
TBBT30 glass  0.1169 [45] 
S2 ceramic  0.0695 [46] 
95TeLi glass  0.105831 [47] 
Polyamide polymer  0.1151 [48]  
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Fig. 14. Variations of proton mass stopping power (ψProton) as a function of kinetic energy for all glasses.  
Fig. 15. Variations of alpha mass stopping power (ψAlpha) as a function of kinetic energy for all glasses.  
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